A combined ab initio and quantum dynamical study characterizes a family of bent neutral carbon dioxide molecules in terms of their vibrational levels, electric dipole moment surfaces, and infrared spectra in the gas phase. The considered isomers include the dioxiranylidene (cyclic) form of CO 2 with the equilibrium valence angle of 72 • , belonging to the ground electronic state, and four open structures with the valence angles of 118 • /119 • (belonging to the singlet and triplet electronic states 2 1 A ′ and 1 3 A ′ , respectively) and 127 • /128 • (states 1 1 A ′′ and 1 3 A ′′ , respectively). All studied bent structures possess permanent dipole moments. For all isomers, the antisymmetric stretch fundamental is the strongest infrared transition. Individual bent molecules can be distinguished on the basis of strong absorption bands in the frequency window 1100 cm −1 -1800 cm −1 as well as isotopic shifts in the progression of antisymmetric stretch mode. Excitation of bent neutral carbon dioxide near a perfect metal surface is also briefly discussed. It is argued that the excitation energy from the linear ground state exhibits a red red shift which depends on the moleculemetal distance.
I. INTRODUCTION
This paper explores the spectroscopic properties of bent configurations of neutral CO 2 in the low lying electronically excited singlet and triplet states with the equilibrium bending angles lying in the range of 70
• ≤ α OCO ≤ 130
• . The focus is on the dipole moment functions and the vibrational infrared (IR) spectra. The analysis is performed using a combination of a high level electronic structure theory and quantum dynamics. for the states of A ′′ symmetry, the equilibrium angles are 128
• /129
• . For brevity, all bent equilibrium structures of carbon dioxide will hereafter be termed 'isomers'. The OCO angle for the state 2 1 A ′ (correlating at C 2v geometries with 1 B 2 ) was predicted by Dixon in his seminal analysis of the CO flame emission bands. 18 Three decades later, Cossart-Magos and co-workers 3 detected two bending progressions in the wavelength range 172 nm-198 nm (photon energies between 51 000 cm −1 and 57 000 cm −1 ) which they assigned to the bent state 1 1 A ′′ excited in a perpendicular transition fromX. The near-equilibrium shapes of the potential energy functions of the bent singlet and triplet states were investigated by Spielfiedel et al. 16 at the CASSCF level of theory (complete active space self-consistent field method). Recently, the global potential energy surfaces of the six lowest singlet states of CO 2
were mapped out using the internally-contracted multireference configuration interaction singles and doubles (MRD-CI) method and a large atomic basis set. 19 These calculations accurately reproduced the measured absorption spectrum and allowed definitive assignments of many diffuse spectral bands. 2 The UV absorption spectra of the bent triplet states were calculated by Schmidt et al., 20 while the singlet-singlet and triplet-singlet emission spectra were recently analyzed in Ref. 21 .
Despite numerous studies, a systematic spectroscopic analysis of the neutral bent isomers remains outstanding and their vibrational states are poorly understood. A case in point is dioxiranylidene, which was predicted by Feller et al. 22 Its equilibrium geometry and the energetic stability were analyzed in Refs. 23 and 24. While its signature in the vacuum UV absorption spectrum has been identified, 2 the vibrational spectrum of cyclic CO 2 is practically unknown.
In this study I extend the previous work and present a detailed analysis of the dipole moment functions and the IR vibrational spectra of the five stable bent isomers of CO 2 in the low lying excited singlet and triplet electronic states. It is hoped that the predicted IR intensities and the isotope shifts, calculated for several isotopomers, can help experimental identification of the neutral activated carbon dioxide intermediates.
The paper is organized as follows: The ab initio calculations and the potential energy profiles along the bending angle are discussed in Sect. II together with the corresponding dipole moment functions. Section III briefly characterizes the vibrational states of the bent isomers, compares their fundamental frequencies with the known values for the linear CO 2 and for the bent anion radical CO − 2 , and discusses the IR spectra for excitations out of the ground vibrational states in the bent equilibria. The isotope dependence of the IR spectra is illustrated for the singlet electronic states. Section IV concludes and discusses a possible extension of this study to include stabilization of the polar bent isomers near metal surfaces due to dipole-image dipole interactions. • (∼ 500 geometries in total are additionally calculated) in order to improve the description of bent equilibria. Their characteristic features are summarized in Table I ; the potential cuts along the minimum energy path are shown in Fig. 1 are also C 2v symmetric (see Table I ). These open structures have similar energies and are located ∼ 0.5 eV below the cyclic minimum. All three bent equilibria in the singlet states lie below the threshold of the singlet dissociation channel CO(
II. STATIC PROPERTIES OF BENT ISOMERS OF CO
open structures are also quasi-stable relative to the lower energy triplet dissociation channel CO(X 1 Σ + ) + O( 3 P ) (the potential minima practically coincide with the threshold energy).
Note however that the spin-orbit coupling in CO 2 is weak, of the order of 80 cm −1 , 27 and the rate of internal conversion into the triplet dissociation channel is expected to be small. Cuts through the dipole moment surfaces µ y,z (R 1 , R 2 , α OCO ) in the plane (R 1 , R 2 ) of the two CO bond lengths are shown in Fig. 2 (a,b,c) for the singlet states, and in Fig. 3 (a,b) for the triplet states. The bending angle is fixed to the equilibrium value for the given bent state. The components of the dipole moments obey simple symmetry rules with respect to the interchange of the two CO bonds:
the component µ y (irrep b 2 ) is antisymmetric and vanishes in C 2v -symmetric equilibria, while the component µ z is symmetric (irrep a 1 ), so that the bent isomers possess permanent electric dipoles. The dipole moments at equilibrium, µ z ≡ µ eq , are given in Table I, Table I . Although µ z ≫ µ y for both singlet and triplet states in the FC zone, the weak component µ y grows rapidly with R − implying that an intense line of the antisymmetric stretch fundamental can be expected in the IR spectra. For two singlet isomers, CO 2 (72
, the components µ y are monotonic functions of R − . In contrast, the functions µ y for the isomers CO 2 (127
, and
A ′′ ) develop pronounced maxima close to the diagonal line R 1 = R 2 . For these isomers, higher derivatives of µ y are expected to significantly contribute to the HerzbergTeller expansion.
III. THE INFRARED SPECTRA OF BENT ISOMERS OF CO 2
The vibrational states of bent CO 2 isomers are calculated quantum mechanically using the program package 'PolyWave' 31 (see Appendix for the computational details).
The fundamental frequencies of the symmetric stretch (ω s ), bend (ω b ), and antisymmetric stretch (ω a ) vibrations are listed in Table I Table I demonstrates that the dependence of ω a on α OCO is not simple and not monotonous. In particular, the antisymmetric stretch frequencies of the triplet states are different from those of the singlet states with the same equilibrium angle. Nevertheless, the frequency ω a remains the most convenient proxy for the geometry of the activated CO 2 . As discussed below, the antisymmetric stretch fundamental is the strongest transition in the IR spectra of bent CO 2 .
Anharmonic couplings between vibrational modes in bent isomers are generally weak.
Many vibrational eigenfunctions ψ n have unperturbed nodal lines and can be assigned quantum numbers v s , v b , and v a corresponding to the symmetric stretch, bend, and antisymmetric stretch modes, respectively (n = (v s , v b , v a ) is a vector index). Table II in the Appendix summarizes the assigned vibrational states with energies up to 5000 cm
above the ground vibrational level. The potential wells for different isomers have different depths (see Table I ) and support different numbers of bound states. For each isomer, the IR intensities I n for transitions out of the ground vibrational state ψ 0 are evaluated using the matrix elements involving the precalculated vibrational wave functions ψ n and the components µ y,z of the dipole moment:
Here E n is the vibrational energy relative to the ground state. For C 2v symmetric isomers with the isotopic composition 12 C 16 O 2 , only one of the two matrix elements in Eq. (2) is non-zero for a given n. Indeed, the dipole moment function µ y is of b 2 symmetry and promotes excitations to states with odd number of antisymmetric stretch quanta v a ; the totally symmetric function µ z mediates transitions to the complementary set of states with even v a values.
The calculated IR spectra for the singlet bent isomers are shown in Fig. 2(d,e,f) ; the IR spectra of the triplet species are in Fig. 3(c,d) . The intensities I n are given relative to the intensity I 010 of the fundamental bending excitation (0, 1, 0). The IR spectra of all bent isomers are dominated by the transition to the antisymmetric stretch fundamental (0, 0, 1). This can be explained by comparing the Herzberg-Teller expansion coefficients of different vibrational modes in Table I . The gradient ∂µ y /∂R − of the dipole moment µ y is noticeably larger than the gradients of µ z with respect to α OCO or R + . The relative intensities for the antisymmetric and symmetric stretch fundamentals I 001 /I 010 and I 100 /I 010 are also listed in Table I ). In all bent molecules, the symmetric stretch mode is IR active. However, the relative intensity is modest, I 100 /I 010 ∼ 1, matching that predicted for CO Fig. 2(f 
with the slope determined by the ratio ρ n of the harmonic frequencies in the unsubsti- For the bending progression (left panel), the harmonic prediction is rather accurate.
The largest shifts are observed in the 828 isotopomer, while 636 gives the lower bound.
As expected, the bending progression is characterized by large oxygen and small carbon isotope shifts. Note that for a given isotopomer, the symbols corresponding to different bent equilibria (and therefore differently colored) cluster around one straight line: The isotope shifts in the bending progression are not sensitive to the equilibrium α OCO angle and are similar for all bent isomers.
The isotope shifts in the antisymmetric stretch progression follow a different pattern (right panel). The smallest shifts are in the 828 isotopomer, and the largest shifts are found for 636, indicating that this progression responds stronger to the carbon substitution.
The 
IV. CONCLUSIONS AND OUTLOOK
This paper analyzes the properties of the activated neutral carbon dioxide molecules
Their IR spectra are calculated using the new ab initio potential energy and electric dipole moment surfaces of the bent triplet states 1 in this window is a strong excitation of the symmetric stretch fundamental.
3. Isotope shifts, calculated for three singlet isotopomers, can be used as fingerprints of activated neutral CO 2 molecules. The shifts grow in the pure bending and antisymmetric stretch progressions, reaching ≥ 40 cm −1 already for the second pure overtones. For the cyclic CO 2 , the calculated isotope shifts strongly deviate from the nearly harmonic shifts predicted for other bent isomers.
The bent neutral isomers in the gas phase are generated via an electronic excitation across the large HOMO-LUMO gap. This requires the energy of at least 4.5 eV (for the triplet state) or 5.4 eV (for the singlet state) to be supplied by the incident light; the corresponding wavelengths are 274 nm and 230 nm, respectively. One way to reduce the excitation energy is to heat CO 2 gas and to irradiate vibrationally excited parent molecules. 9,10,12 Temperatures over 2500 K are needed to substantially shift the optical absorption to wavelengths larger than 250 nm.
9,10,12
The gas phase data discussed in this paper can be useful in exploring and designing alternative routes to activate neutral CO 2 . Table I demonstrates that all bent isomers are polar molecules with permanent dipole moments. This suggests that the spectroscopy of CO 2 is sensitive to the environment effects. For example, interaction with a metal surface lowers the energy of a dipole, so that the optical excitation gap from the nonpolar linear ground electronic state into polar bent states becomes a function of the metal-molecule distance. The simplest estimate of this dependence is provided by classical electrostatics.
The change in the energy E ⋆ of a polar excited state due to the interaction of a classical dipole µ with its image in a perfect metal surface is given by
Here E ⋆ ∞ is the gas phase energy of the bent excited state relative to the nonpolar ground electronic state; z is the distance from the center of mass of CO 2 to the metal image plane located at z im ; the dipole is assumed to lie perpendicular to the metal surface (carbon-down arrangement). CO 2 physisorbs on most metals, 7 and the Eq. (4) is applied to Cu(100) for which the image plane is located at z im = 2.3 a 0 in front of the last Cu plane. 39 Figure 5 shows the distance dependent excitation energies for CO 2 (118 states near metal surfaces is a challenging problem, 42 and this is the direction in which this study will be extended. The planned calculations will also allow one to address questions, related to the kinetics of the excited states, and to estimate the characteristic rates of electron transfer into metal, the rates of radiationless relaxation into the ground electronic state, and to compare them with the desorption rates of electronically excited CO 2 . 
